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Fluorescent aptasensor based on conformational switch–induced 
hybridization for facile detection of β‑amyloid oligomers

Chun‑Hsien Chen1 · Yuh‑Jyh Jong2,3,4,5,6 · Yu‑Ying Chao7 · Chun‑Chi Wang1,8 · Yen‑Ling Chen1,9,10,11 

Abstract
Aβ oligomers (AβO) are a dominant biomarker for early Alzheimer’s disease diagnosis. A fluorescent aptasensor coupled 
with conformational switch–induced hybridization was established to detect AβO. The fluorescent aptasensor is based on the 
interaction of fluorophore-labeled AβO-specific aptamer (FAM-Apt) against its partly complementary DNA sequence on the 
surface of magnetic beads (cDNA-MBs). Once the FAM-Apt binds to AβO, the conformational switch of FAM-Apt increases 
the tendency to be captured by cDNA-MBs. This causes a descending fluorescence of supernatant, which can be utilized to 
determine the levels of AβO. Thus, the base-pair matching above 12 between FAM-Apt and cDNA-MBs with increasing 
hybridizing free energies reached the ascending fluorescent signal equilibrium. The optimized aptasensor showed linear-
ity from 1.7 ng mL−1 to 85.1 (R = 0.9977) with good recoveries (79.27–109.17%) in plasma. Furthermore, the established 
aptasensor possesses rational selectivity in the presence of monomeric Aβ, fibrotic Aβ, and interferences. Therefore, the 
developed aptasensor is capable of quantifying AβO in human plasma and possesses the potential to apply in clinical cases.
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Introduction

Alzheimer’s disease (AD) is typical dementia caused by 
chronic progressive degeneration of the central nervous 
system, featuring high prevalence in the elderly above 
60 years old. The severity of AD has evolved to be not 
only a public health problem but also a social issue [1]. 
According to the World Alzheimer Report in 2017 from 
Alzheimer’s Disease International, 82 million people 
worldwide will suffer from AD in 2030. To make mat-
ters worse, steeper growth of the population living with 
AD will reach 152 million in 2050 [2]. The initial patho-
logical phenomenon of AD is mild cognitive impairment, 
which expresses a symptom of mild memory loss. After 
that, the memory loss symptom worsens, and patients 
gradually suffer from the dysfunction of physiology and 
psychology. Eventually, patients are prone to fatality due 
to the malfunction of physiological function and severe 
immune response [3, 4]. To date, plenty of research has 
been devoted to the prevention of AD, including pathogen-
esis, diagnosis, and therapy to avoid AD’s deterioration. 
However, the exact mechanism of AD remains an enigma, 
and none of the treatments can be applied to cure patients 
suffering from AD. Hence, the strategy of early diagnosis 
of AD, which represents the evaluation of the risk of AD 
before the onset of disease, has become a major orientation 
to alleviate the progress of AD.

Current research has indicated that pathogenic factors 
of AD are amyloid plaque and neurofibrillary tangle, 
generated in the brain. In the case of amyloid plaque, 
it is regarded as the determining factor that triggers 
brain tissue’s initial pathology and the further outbreak 
of neurofibrillary tangle. The generation of plaque is 
known as the abnormal self-assembly of amyloid beta 
peptides (Aβ), which is prone to destroy brain tissues, 
especially in their oligomeric form, namely Aβ oligom-
ers (AβO) [4, 5]. Research elaborated that AβO triggered 
apoptosis, oxidative stress, synaptic dysfunction, and 
neuroinflammation in astrocytes [6]. Hence, the AβO 
is also considered highly relevant to the early patho-
genesis of AD. Furthermore, in the case of the clinical 
trial, the levels of AβO in AD patients were also found 
to be significantly higher than in healthy individuals [7, 
8]. Consequently, the AβO is regarded as a dominant 
biomarker for early AD diagnosis.

Currently, the determination of AβO for diagnosing 
AD is mainly performed in cerebrospinal fluid (CSF). 
However, the quantification of AβO relied on CSF suffers 
from invasive sample collection and professional manipu-
lation, limiting the universal diagnosis of AD. Further 
research found that Aβ can circulate between CSF and 
blood upon low-density lipoprotein receptor–related 

protein receptors and advanced glycation end products 
on the blood–brain barrier [9, 10]. Thus, several stud-
ies have also demonstrated the feasibility of diagnosing 
in blood [11–13]. Moreover, the diagnostic strategy in 
the blood sample is more tolerable to patients due to 
less invasive sample collection. A diagnostic strategy for 
point of care is easier to be fulfilled by applying blood 
samples than CSF.

Nowadays, the clinical diagnosis of AD by detecting 
AβO is mainly implemented by enzyme-linked immuno-
sorbent assay (ELISA) [13, 14]. However, antibody-based 
analytical methods may lack stability, prone to cross-
reactivity, and costly. Recently, a ligand featuring of spe-
cifically binding with the target by non-covalent bonding, 
namely aptamer, has been developed to play the role as 
an alternative to antibody. Aptamer is mainly composed 
of oligonucleotides or peptides which is designed by the 
technique of systematic evolution of ligands by exponen-
tial enrichment (SELEX) [15–17]. The technique of using 
aptamers possesses traits such as high reproducibility, 
stability, low non-specific activity, and ease of modifi-
cation with other materials. These features make aptam-
ers eligible to establish versatile detection platforms [18, 
19]. An aptamer-based analytical method is also known 
as aptasensor. Taking advantages of aptamers, many 
aptasensors have been established to detect AβO includ-
ing colorimetry [20, 21], electrochemistry [22, 23], and 
fluorescence [24–27]. However, some of these methods 
need sophisticated manipulation or complicated synthe-
sized and modified procedures for certain nanomaterials, 
limiting their practical applicability in clinical cases even 
though they possess high sensitivity.

In this study, the fluorescent aptasensor was developed 
for facile monitoring of AβO in plasma samples. The 
aptasensor was constructed based on the combination of 
magnetic separation techniques which provided high effi-
ciency on detection. The AβO-specific aptamer (Apt) uti-
lized in this study was proposed by Tsukakoshi et al. with a 
Kd value at 25 nM and Apt’s conformational structures also 
suggested as a parallel-type G-quadruplex structure [28]. 
The developed aptasensor was accomplished by the inter-
action between FAM-labeled Apt (FAM-Apt) and partly 
complementary DNA sequence of Apt (cDNA). Typically, 
the cDNA was functionalized on the surface of magnetic 
beads (cDNA-MBs) by high cooperativity between biotin 
and streptavidin [29]. The cDNA-MBs can be further used 
to capture FAM-Apt. When the FAM-Apt interacted with 
AβO, the forming Apt-AβO binding complex facilitated 
the hybridization against cDNA-MBs. Consequently, the 
decline of supernatant fluorescence occurred and the phe-
nomenon can be utilized to quantify the levels of AβO in 
human plasma samples.
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Materials and methods

Materials

All oligonucleotides were synthesized from Protech Tech-
nology Enterprise Co., Ltd. (Taipei, Taiwan). Sequences 
of oligonucleotide used in this study are listed in Table S1. 
All reagents utilized in this study were of analytical grade. 
A 40-residue amyloid beta peptide (Aβ) was purchased 
from Anaspec (Fremont, CA, USA). 1,1,1,3,3,3-Hex-
afluoro-2-propanol (HFIP) was purchased from Alfa 
Aesar (Lancashire, UK). Bovine serum albumin (BSA) 
was purchased from Thermo Scientific (Waltham, MA, 
USA). Human serum albumin (HSA) and phosphotung-
stic acid (PTA) were purchased from Sigma-Aldrich 
(St. Louis, MO, USA). Sodium dodecyl sulfate (SDS), 
tris(hydroxymethyl)aminomethane (Tris), hydrogen 
chloride (HCl), and sodium hydroxide (NaOH) were pur-
chased from Merck (Darmstadt, Germany). Acetonitrile 
(ACN), potassium chloride (KCl), ammonium hydrox-
ide, 30% (NH4OH), and methanol were purchased from 
J.T.Baker (Phillipsburg, NJ, USA). The streptavidin-func-
tionalized MBs with a concentration of 4 mg mL−1 were 
purchased from New England BioLabs (Ipswich, MA, 
USA). The Human Amyloid beta (Aggregated) ELISA 
Kit (MBS7612672) was purchased from MyBioSource 
(Vancouver, British Columbia, Canada).

Deionized water with a resistance of 18.2 MΩ·cm at 
25 ℃ was purified through a PURIST® Ultrapure Lab 
Water Systems from Rephile (Boston, MA, USA) and 
was utilized to prepare the buffer solutions and relative 
aqueous solutions for the experiment. All prepared solu-
tions were eventually filtered with a 0.45-μm Millipore 
PVDF membrane (Bedford, MA, USA) prior to use. The 
composition of the reaction buffer used for the aptasensor 
was 10 mM Tris–HCl (pH 7.4) with 5 mM KCl, 20 mM 
MgCl2, and 150 mM NaCl. The pH value of the buffer 
was adjusted by an F20 pH meter from Mettler Toledo 
(Columbus, OH, USA).

Preparation of AβO

One milligram of Aβ peptide was dissolved in 1 mL of 
2 mM NaOH to a concentration of 1 mg·mL−1 Aβ-NaOH 
solution. The solution was then vortexed and sonicated 
for 1 min at room temperature in the ultrasonic water 
bath and equivalent to microtubes. After lyophilized 
under a freeze-dryer, the lyophilized Aβ film was stored 
at − 20 °C [30]. The lyophilized Aβ was reconstituted to 
obtain 2165 μg mL−1 Aβ in a mixture that consisted of 
ACN/300  μM Na2CO3/250  mM NaOH (48.3:48.3:3.4, 

v/v/v) [31]. The final Aβ solution (433 μg  mL−1) was 
obtained by the dilution of 2165 μg mL−1 Aβ with 20 mM 
phosphate buffer (Na2HPO4/NaH2PO4) (PB buffer) (pH 
7.4) [32]. The Aβ solution was subsequently incubated 
for 15 h at room temperature to obtain oligomeric forms. 
Finally, the obtained AβO standard was observed by trans-
mission electron microscopy and capillary electrophoresis 
and quantified by ELISA kit.

Preparation of specimen of AβO for image analysis 
by transmission electron microscopy (TEM)

The morphology of AβO from the incubated Aβ was veri-
fied using the transmission electron microscope (TEM) 
Hitachi HT7700 (Tokyo, Japan) at ambient temperature 
with an electron beam at 100 kV. For the preparation of 
AβO specimen, the incubated AβO was stained with 2% 
PTA with an adjusted pH value at 7 using 1 M NaOH for 
higher resolution and protecting it from radiation dam-
age [33]. Briefly, 5 μL of incubated AβO was dipped onto 
a Formvar/carbon-coated copper grid and the grid was 
washed by deionized water after 1 min. Subsequently, the 
specimen was stained with 2% PTA for 30 s and wicked 
off the droplet with a filter paper. Eventually, the stained 
grid was dried prior to use.

The system of capillary electrophoresis

The aggregation of Aβ was observed through a P/ACE™MDQ 
series capillary electrophoresis (CE) system equipped with 
a photodiode array (PDA) detector (Beckman Coulter, 
Fullerton, CA, USA). The uncoated fused silica capillaries 
with inner diameter of 50 μm were obtained from Polymicro 
Technologies (Phoenix, AZ, USA) and a length to detector 
of 20  cm and total length of 30.2  cm of capillary was 
utilized in the experiment. The 32 Karat software (Beckman 
Coulter, Fullerton, CA, USA) was used for instrumental 
manipulation and data integration. Prior to the experiment, 
the new prepared capillary was pre-conditioned with a series 
of wash procedure with the order of methanol, deionized 
distilled water, 1 M hydrogen chloride, and 1 M sodium 
hydroxide at 30 psi, 10 min for each run. Between each 
run, the capillary was washed with 50 mM SDS and 20 mM 
phosphate buffer (pH 7.4) for 3 min at 30 psi, respectively. 
The background electrolyte (BGE) was composed of 
20 mM phosphate buffer (pH 7.4). The sample injection 
was performed with 0.5 psi of hydrodynamic injection for 
10 s and the separation voltage was set at 12 kV. The signal 
of AβO was recorded by a PDA detector at 200 nm. All 
experiments were processed at 25 ℃.

Fluorescent aptasensor based on conformational switch–induced hybridization for facile… 8157
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Preparation of cDNA‑functionalized magnetic beads

The functionalization of cDNA onto MBs’ surface was as 
follows: A 250 μL of MB stock was aliquoted to a 2-mL 
microcentrifuge tube and an external magnetic field was 
applied to eliminate the storage buffer from MB suspen-
sion. Subsequently, a binding buffer composed of 20 mM 
Tris–HCl (pH 7.5) containing 500 mM NaCl and 1 mM 
EDTA was used to wash the separated MBs for three times. 
The biotinylated cDNA solution was prepared by dissolv-
ing cDNA stock solution in binding buffer to a concentra-
tion of 1 μM. The cDNA solution was added to MBs and 
mixed gently. The suspension of MBs containing cDNA was 
further incubated for 30 min at room temperature so as to 
provide sufficient reaction between biotin and streptavidin. 
After reaction, the incubated cDNA-MB suspension was 
washed by binding buffer for another three times. Finally, 
cDNA-MBs were reconstituted by reaction buffer and stored 
at 4 ℃ prior to use.

Measurement of AβO by the fluorescent aptasensor

All stocks of synthesized DNA were pre-heated to 95 ℃ for 
5 min and naturally cooled down to room temperature prior 
to use. The incubated AβO solution was prepared by diluting 
incubated AβO with reaction buffer. In the sensing proce-
dure, 30 μL of FAM-Apt with concentration of 500 nM, 270 
μL of AβO solution, and 10 μL of cDNA-MBs were mixed 
gently and incubated for 30 min at room temperature by 
an Intelli-Mixers™ RM-2L (ELMI, Riga, Latvia). Subse-
quently, the external magnetic field was applied to eliminate 
MBs that capture the Apt-AβO binding complex. Finally, the 
solution with unbound FAM-Apt was collected and the fluo-
rescent emission wavelength at 520 nm was recorded using 
a Hitachi F-7000 fluorescent spectrometer (Tokyo, Japan) 
with excitation wavelength at 488 nm. To demonstrate the 
conformational switch of aptamer in the presence of AβO, 
circular dichroism (CD) spectra were obtained by a Jasco 
J-815 spectropolarimeter (Tokyo, Japan) with a scan speed 
at 50 nm/min from 200 to 350 min. All experiments were 
carried out by a cuvette with an optical path length of 1 cm.

Results and discussion

Characterization of AβO

Transmission electron microscopy (TEM)

For the establishment of a protocol for the self-assembly of 
Aβ peptides, the efficiency for the monomerization of Aβ 
was investigated by several solvents, such as NaOH [30], 
NH4OH [34], and HFIP [35]. Although these solvents can 

successfully monomerize the Aβ powders, it costs more 
time to dissolve the lyophilized Aβ treated by HFIP with 
incubation solution because it is prone to precipitation 
with poor solubility. Eventually, a NaOH was chosen as 
the solvent used for the monomerization of Aβ due to the 
better compatibility to the incubation solution and ease of 
manipulation than others. In the case of incubation solu-
tion, PBS [20], HEPES [25], Tris–HCl [27], deionized water 
[35], and PB buffer containing a mixture of ACN/300 μM 
Na2CO3/250 mM NaOH [32] were also investigated for 
the acquirement of AβO. Among these solutions, the con-
dition of PB buffer containing a mixture of ACN/300 μM 
Na2CO3/250 mM NaOH provides more solubility for Aβ, 
whereas a slight precipitation of Aβ was observed in other 
conditions.

The TEM images of morphology of Aβ with oligomeric 
and fibric forms are exhibited in Fig. S1 with the prepared 
protocol using NaOH and PB buffer containing a mixture of 
ACN/300 μM Na2CO3/250 mM NaOH for the monomeriza-
tion and incubation of Aβ, respectively. A spherical shape 
of AβO can be observed in the TEM image of Fig. S1 (a) 
and an apparent fibrillar distribution can be observed in the 
morphology of Aβ fibrils (AβF) in Fig. S1 (b). To verify the 
formation of AβO, the average size distribution of AβO was 
calculated to be approximately 9–14 nm. On the basis of the 
measured size distribution and the shape of the incubated 
Aβ, the majority of the resultant AβO were presumed to be 
a high molecular weight AβO, also known as amylospheroid 
which possesses neurotoxicity [36].

Quantification of AβO standard solution by ELISA

In previous literatures, the calculations of concen-
tration of AβO standard were mostly carried out by 
UV–vis spectrometry with an extinction coefficient at 
280 nm (ε = 1490 M−1·cm−1 for tyrosine) [37]. However, the 
quantification of AβO by UV–vis spectrometry may be lack 
of accuracy due to the complicated formations of Aβ includ-
ing monomers, oligomers, and fibrils after incubation even 
though a MWCO cut-off filter was applied. Hence, the quan-
tification of incubated AβO standard solution in this study 
was conducted by purchased ELISA kit (MBS7612672). 
Attributed to the quantification of AβO, the optimization 
of incubation time for AβO was eligible to obtain and the 
outcome is exhibited in Fig. S2. Eventually, the incubation 
time of Aβ was optimized to be 15 h and the quantified AβO 
was further applied to the development of the aptasensor. 
Furthermore, CE was utilized to demonstrate the dynamic 
aggregation of Aβ to form AβO. Figure S3 displays elec-
tropherograms of Aβ without incubation (Fig. S3 (a)) and 
after 15-h incubation (Fig. S3 (b)). The first peak and lat-
ter peaks in the electropherogram represented Aβ monomer 
and AβO, respectively. It can be observed that the signal 
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of Aβ monomer diminished and peaks of AβO relatively 
generated with the aggregation procedure. It means that the 
established aggregation protocol is feasible to acquire AβO 
from Aβ monomer.

Sensing mechanism

The monitoring of AβO by the developed aptasensor was 
accomplished upon the interaction among AβO, FAM-
Apt, and cDNA-MBs. The substantial sensing mechanism 
is exhibited in Scheme 1. The conformational structure of 
Apt is known as G-quadruplex which resists the hybridiza-
tion with DNA sequence attributed to the exposure of phos-
phate backbones outside the G-quadruplex structure. The 
outer phosphate backbones wrapping nucleic bases provide 
the repulsive negative charges and steric hindrance so that 
the conformation of G-quadruplex inhibits the hybridiza-
tion with DNA [38]. In the presence of AβO, the aptamer 
binds with AβO and the conformation of aptamer can 
switch from a G-quadruplex to an Apt-AβO binding com-
plex which exposes partly unfolding DNA sequence. The 
unfolding sequence of aptamer facilitated the hybridization 
between complex and cDNA on the surface of MBs. Conse-
quently, the tendency of capturing FAM-Apt by cDNA-MBs 
increased and the decrease of supernatant fluorescence can 
be observed.

The enhanced hybridization between Apt and cDNA due 
to a conformational switch of Apt after the addition of AβO 
was demonstrated by a fluorescent indicator: YOPRO™-
1, which exhibits fluorescence depending on the number 
of double-strand DNA. The trial was performed upon the 
interaction between label-free Apt and cDNA sequences 

in the presence of YOPRO™-1. The result is presented in 
Fig. 1a. A negligible fluorescence was observed when only 
YOPRO™-1 and AβO in the reaction environment which 
means AβO would not produce additional signal interfer-
ence. An apparent fluorescent exhibition and a mild fluores-
cent signal can be found in the presence of Apt and cDNA, 
respectively. Nevertheless, no apparent fluorescent change 
was observed when the Apt and cDNA were added at the 
same time. After the addition of AβO, the fluorescent sig-
nal significantly elevated. This phenomenon was deduced 
to the conformational change of Apt. As AβO switched the 
conformation of G-quadruplex, the tendency of hybridi-
zation between the Apt-AβO binding complex and cDNA 
was enhanced. Consequently, an increase in fluorescence 
can be observed. According to the trial, the conformational 
change of aptamer from G-quadruplex to an Apt-AβO bind-
ing complex was demonstrated to facilitate the hybridization 
between Apt and cDNA.

Likewise, the conformational switch of aptamer was fur-
ther investigated by a circular dichroism (CD) spectrum. 
Figure 1b exhibits the CD spectra of interaction among 
Apt, cDNA, and AβO. In the presence of Apt alone, a nega-
tive band at 240 nm and a positive band at 265 nm can be 
observed. These dominant wavelengths represented the 
conformation of parallel-type G-quadruplex [28]. After the 
addition of AβO, the dominant wavelength of Apt did not 
significantly shift. The result was presumed that the base-
stacking and DNA helix still existed even if the Apt is bound 
with AβO. When the cDNA was introduced to the detec-
tion system, different dominant wavelengths were observed 
compared with and without the addition of AβO. These phe-
nomena can further demonstrate the conformation change 

Scheme  1   The sensing principle of the fluorescent aptasensor for 
AβO. A FAM-Apt is added into the reaction buffer. B The AβO and 
cDNA-MBs are added into the reaction buffer and the AβO reacts 
with aptamer to form an Apt-AβO binding complex. C After applying 

an external magnetic field, the captured Apt-AβO binding complexes 
by cDNA-MBs are eliminated. D The fluorescent intensity is meas-
ured which corresponds to the level of the AβO

Fluorescent aptasensor based on conformational switch–induced hybridization for facile… 8159
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of Apt when AβO was presented in the detection system. In 
the absence of AβO, a broadening wavelength distribution 
from 260 to 290 nm was found due to diverse conformations 
of DNA structure including G-quadruplex of Apt, random 
coil of cDNA (single-strand DNA), and partly double-strand 
DNA from the hybridization between Apt and cDNA [39, 
40]. The result was deduced that the Apt can slightly hybrid-
ize with the cDNA in the absence of AβO. In contrast, the 
dominant wavelength of positive band at 277 nm was par-
ticularly exhibited in the presence of AβO which represented 
a higher frequency of forming double-strand DNA [40], 
meaning the tendency of hybridization between the Apt and 
the cDNA ascended.

Effect of the interaction between FAM‑Apt 
and cDNA‑MBs

The base-pair matching number between FAM-Apt and 
cDNA-MBs determines the tendency of hybridization which 

corresponds to the detection efficiency of the aptasensor. 
When an insufficient base-pair matching between two DNA 
sequences occurs, the background signal from fluorescence 
will be enormous and further interfere the detection of AβO 
in the case of deficient hybridization between FAM-Apt and 
cDNA. Therefore, the base-pair matching number between 
FAM-Apt and cDNA was investigated. The hybridizing 
free energy of cDNA against Apt was initially evaluated 
which was calculated by The UNAFold web server (http://​
www.​unafo​ld.​org/) and the result is exhibited in Table 1. To 
obtain an appropriate hybridizing tendency between Apt and 
cDNA, the free energy of two DNA sequences after hybridi-
zation must be lower than these in single-strand state. We 
also try several less base-pair matching number sequences 
in the preliminary experiment, such as 6 and 9. However, 
there were no significant effects of fluorescent decline after 
the introduction of AβO. In the investigated condition of 
four base-pair matching numbers (10, 12, 15, and 18) of 
cDNA against Apt, free energies of hybridizing state in all 
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Fig. 1   Investigation of the sensing mechanism of the established 
aptasensor. a Fluorescent spectrum of Apt against AβO and cDNA 
by the fluorescent indicator of YOPRO™-1. Concentration of Apt: 
48 nM, cDNA: 33 nM, AβO: 85.1 ng  mL−1, YOPRO™-1: 100 nM. 

b CD spectrum of Apt against AβO and cDNA. Concentration of 
Apt: 500 nM, cDNA: 500 nM, AβO: 68.1 ng mL−1. Composition of 
reaction buffer: 10 mM Tris–HCl (pH 7.4) with 5 mM KCl, 20 mM 
MgCl2, and 150 mM NaCl; incubation time: 30 min

Table 1   Free energies of various base-pair matching numbers of complementary sequences hybridizing with Apt

Item Sequence (5′ → 3′) Free energy (ΔG)
(single strand)

Free energy (ΔG)
(hybridization with Apt)

Tm

Apt GCC​TGT​GGT​GTT​GGG​GCG​GGT​GCG​  − 8.16 kcal/mol - -

10 mer base-pairs matching cDNA CAC​CAC​AGG​CTT​TTTT​  − 0.01 kcal/mol  − 15.6 kcal/mol 55.6 ℃

12 mer base-pairs matching cDNA AAC​ACC​ACA​GGC​TTT​TTT​  − 0.01 kcal/mol  − 18.4 kcal/mol 62.2 ℃

15 mer base-pairs matching cDNA CCC​AAC​ACC​ACA​GGC​TTT​TTT​  − 0.01 kcal/mol  − 24.3 kcal/mol 70.4 ℃

18 mer base-pairs matching cDNA CGC​CCC​AAC​ACC​ACA​GGC​TTT​TTT​  − 2.27 kcal/mol  − 31.2 kcal/mol 78.8 ℃
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conditions were lower than Apt (− 8.16 kcal/mol) and cDNA 
(− 2.27 to approximately − 0.01 kcal/mol) in the single-
strand state. Thus, the free energy became lower from − 15.6 
to − 31.2 kcal/mol when the base-pair number between Apt 
and cDNA increased from 10 to 18. For the change of the 
free energy corresponding to the base-pair matching num-
ber, lower free energy represents a higher tendency to spon-
taneously hybridize between the two DNA sequences. It 
means that a more stable state of the hybridization between 
FAM-Apt and cDNA-MBs can be obtained by ascending 
the base-pair matching number. This phenomenon can be 
attributed to the increase of base-stacking and base-pairing 
between the two DNA sequences which provide the negative 
change of free energy [41]. Corresponding to the compari-
son of detection efficiency of the aptasensor with various 
base-pair matching numbers between FAM-Apt and cDNA-
MBs shown in Fig. 2a, an insufficient hybridization between 
FAM-Apt and cDNA-MBs can be observed in the condition 
of 10 base-pair match which produced a lower normalized 
fluorescent signal due to higher background signal, whereas 
higher fluorescent signals were generated in other condi-
tions and the hybridizing tendency between FAM-Apt and 
cDNA-MBs reached to equilibrium as the base-pair match-
ing number above 12. Consequently, a 12 base-pair matching 
number between FAM-Apt and cDNA-MBs was selected as 
the optimal condition of the aptasensor in this study.

The added amount of cDNA-MBs is also crucial to the 
detection efficiency of the aptasensor and the investigated 
result is presented in Fig. 2b. Excessive amount of MBs 

leads to unnecessary consumption of MB, whereas an insuf-
ficient amount of MBs in the detection system causes more 
background signal from the FAM-Apt due to inefficient 
capture ability of cDNA-MBs which decreases the normal-
ized fluorescent intensity in the presence of AβO. Therefore, 
various amounts of cDNA-MBs (12, 16, 20, and 24 μg) in 
the detection system were optimized. The result presented 
that the normalized fluorescent intensity elevated with the 
increasing amount of cDNA-MBs and reached equilibrium 
at 20 μg.

Optimized condition for the performance 
of the aptasensor

The existence of metal ions in the detection environment 
is a vital factor for stabilizing the correct folding structure 
of G-quadruplex which facilitates the binding between 
G-quadruplex-forming aptamer and analyte. The formation 
of G-quadruplex can be stabilized by locating monovalent 
or divalent metal ions into the center of the structure by the 
metal–oxygen bond between metal ions and O6 atoms of 
guanines [42]. Among metal ions, Mg2+ and K+ ions were 
regarded as the most determining ions which impact the effi-
ciency of aptamer against the analyte [43]. Mg2+ ions facili-
tate the conformational switch of aptamer to a parallel-type 
G-quadruplex and K+ ions are known as a common ion for 
stabilizing the structure [44, 45]. With the coordination of 
Mg2+ and K+ ions, the correct folding of Apt can be assured 
to interact with AβO. The concentration of Mg2+ ions in the 
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Fig. 2   Effect of various parameters for optimized hybridization 
between FAM-Apt and cDNA-MBs. a Base-pair matching num-
ber between Apt and cDNA: 10, 12, 15, and 18. b Added amount of 
DNA-MBs into the reaction system: 12, 16, 20, and 24 μg. Concen-

tration of FAM-Apt: 48  nM, AβO: 51.1  ng  mL−.1; composition of 
reaction buffer: 10 mM Tris–HCl (pH 7.4) with 5 mM KCl, 20 mM 
MgCl2, and 150  mM NaCl; incubation time: 30  min. p values are 
indicated by stars, **p < 0.01, ***p < 0.001
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reaction buffer was investigated by adding MgCl2. Figure 3a 
states that the normalized fluorescent intensity in the pres-
ence of AβO ascended with the increasing concentrations 
of Mg2+ ions. Until the concentration of Mg2+ ions was 
set up to 50 mM, an identical fluorescent signal as 20 mM 
was observed, meaning the Apt fully interacted with metal 
ions in the reaction buffer. Likewise, the concentration of 
K+ ions in the reaction buffer also provides the structural 
stabilization of aptamer against AβO and further improves 
the efficiency for detecting AβO. Figure 3b presents that 
the normalized fluorescent intensity also elevated with the 
increasing concentration of K+ ions and reached to equi-
librium at 5 mM. Consequently, optimized concentrations 
of Mg2+ ions and K+ ions in the reaction buffer were set as 
20 mM and 5 mM, respectively.

The incubation time of the detection system was inves-
tigation for sufficient reaction among FAM-Apt, AβO, and 
cDNA-MBs. The result is shown in Fig. 3c. It was observed 
that the fluorescent signal elevated with the incubation time 
and reached equilibrium at 30 min. It can be deduced that 

the binding of FAM-Apt against AβO and the hybridization 
between FAM-Apt and cDNA-MBs simultaneously per-
formed and accomplished in 30 min.

Quantitative analysis of AβO

To demonstrate the linear relationship of the established 
aptasensor, different concentrations of AβO were applied to 
the aptasensor and the resulting fluorescent emission spec-
trum is exhibited in Fig. 4a. The results showed that fluores-
cent intensities were declined with the increasing concentra-
tions of AβO and the linear range of the aptasensor can be 
obtained from 1.7 to 85.1 ng mL−1. The relationship between 
normalized fluorescence intensity (1-F/F0) and concentration 
of AβO (CAβO) is presented in Fig. 4b and the regression 
equation was calculated as follows: 1-F/F0 = (0.0059 ± 0.00
085) × CAβO + (0.0126 ± 0.0039) (R2 = 0.9954). The limit of 
detection (LOD) was measured to be 0.87 ng mL−1 by 3.3-
fold of standard deviation of the blank divided by slope of 
the regression curve (3.3σ/S) [46]. The developed aptasensor 

(a) (b) (c)

Concentration of magnesium ion (mM)

0 5 10 20 50 

N
or

m
al

iz
ed

 fl
uo

re
sc

en
ce

 in
te

ns
ity

 (
1-

F/
F 0)

0.0

0.1

0.2

0.3

0.4

Concentration of potassium ion (mM)

0 1 5 10 N
or

m
al

iz
ed

 fl
uo

re
sc

en
ce

 in
te

ns
ity

 (
1-

F/
F 0)

0.0

0.1

0.2

0.3

0.4

Incubation time (min)

5 15 30 60 N
or

m
al

iz
ed

 f
lu

or
es

ce
nc

e 
in

te
ns

ity
 (

1-
F/

F 0)

0.0

0.1

0.2

0.3

0.4

**
***

***

***
*** *

***

Fig. 3   Effect of various parameters for optimized condition. a Con-
centration of magnesium ion in reaction buffer: 0, 5, 10, 20, and 
50  mM. b Concentration of potassium ion in reaction buffer: 0, 1, 
5, and 10 mM. c Incubation time for the reaction among FAM-Apt, 

AβO, and cDNA-MBs: 5, 15, 30, and 60 min. p values are indicated 
by stars, *p < 0.05, **p < 0.01, ***p < 0.001. Other conditions are 
shown as Fig. 2

Fig. 4   Quantitative analysis 
of the developed aptasensor. a 
Fluorescent emission spectra of 
various concentrations. b Linear 
relationship between normal-
ized fluorescence intensity (1-F/
F0) and concentration of AβO 
(CAβO). Concentration of AβO: 
1.7, 6.8, 17, 25.5, 34, 51.1, 68.1, 
and 85.1 ng mL−.1
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also compared to other literatures in Table S2 which also 
devoted on the analysis of AβO. The established method 
with facile manipulation, time-saving detection process, and 
exclusion of complicated synthesis of materials provide the 
potential for practical application to clinical cases of AD in 
the future. Furthermore, to investigate the selectivity of the 
developed fluorescent aptasensor, various analogues of Aβ 
(monomeric and fibrotic Aβ) were applied to the aptasensor. 
Thus, the most abundant plasma protein, HSA, regarded as 
the major interference for analytical methods performing the 
detection in blood samples, were also utilized to evaluate 
the selectivity of the aptasensor. And other protein interfer-
ence such as BSA which may induce potential non-specific 
interaction with the aptasensor was also verified. The result 
is shown in Fig. 5. In the presence of high concentrations of 
monomeric and fibrotic Aβ (4.33 μg mL−1), a weak fluores-
cence response is still exhibited. Therefore, the normalized 
fluorescence intensity of the mixture of AβO and other ana-
logues was slightly higher than AβO. The result represented 
that the established aptasensor possesses rational selectivity 
in the presence of these analogues, interferences, and even 
the mixture of analogues and interference.

Applicability of AβO in plasma samples

The established aptasensor was also applied to the human 
plasma samples to evaluate the practical availability for the 
detection of AβO in a clinical scenario. Briefly, 50-fold 
diluted plasma samples from healthy individuals spiked with 
various concentrations of AβO were investigated and the 
results are presented in Table 2. It can be observed that the 
recoveries of AβO were obtained from 79.27 to 109.17%. It 
represents that the quantification of AβO by the developed 
aptasensor would not be influenced by the matrix effect. 
Thus, it showed no significant difference between detection 
results of AβO in diluted plasma by the developed aptasensor 
and results conducted by the ELISA method. The relation-
ship between the proposed aptasensor and ELISA method is 
presented in Fig. S4. Consequently, the aptasensor possesses 
a potential applicability for quantifying the levels of AβO in 
clinical diagnosis of AD under a non-invasive method com-
pared to conventional diagnostic strategy upon CSF monitor-
ing. The application of this developed aptasensor to human 
plasma acquired from healthy subjects in Kaohsiung Medi-
cal University was approved by the Institutional Review 
Board (IRB) of Kaohsiung Medical University Chung-Ho 
Memorial Hospital (KMUHIRB-E(I)-20,190,389).

Conclusions

An aptasensor featuring facile detection for AβO was suc-
cessfully established. In terms of the sensing principle, the 
conformational switch of FAM-Apt from G-quadruplex to 
its specific structure after interacting with AβO was suc-
cessfully demonstrated. The complex of FAM-Apt and AβO 
provided a higher tendency for the further hybridization with 
cDNA-MBs. In addition, the base-pair matching number 
between FAM-Apt and cDNA-MBs above 12 with decreas-
ing hybridizing free energies produced the threshold of suf-
ficient hybridization. Thus, the addition of metal cations of 
Mg2+ and K+ provided the stability and correct folding of 
FAM-Apt with G-quadruplex which enhanced the interac-
tion against AβO. Furthermore, the developed aptasensor in 
this study was also applied to detect AβO in plasma samples 
and exhibited the potential in the context of clinical early 
diagnosis of AD.
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Fig. 5   Selectivity of the established aptasensor against AβO, Aβ 
analogues, and protein interferences. Concentration of analytes: 
AβO, 34 ng  mL−1; AβM, 4.33 μg  mL−1; AβF, 4.33 μg  mL−1; HSA, 
66.4  μg  mL−1; BSA, 66.5  μg  mL−1. Abbreviations: AβO, Aβ oli-
gomers; AβM, Aβ monomer; AβF, Aβ fibrils; HSA, human serum 
albumin; BSA, bovine serum albumin; mixture, AβM, AβO, AβF, 
and HSA

Table 2   Recoveries of applying 
the developed aptasensor in 
plasma samples

All samples were measured with 3 replicates

Sample Spiked AβO Found AβO RSD (%) Recovery (%)

No. 1 3.4 ng mL−1 2.70 ± 0.31 ng mL−1 11.51 79.27
No. 2 17 ng mL−1 16.04 ± 1.04 ng mL−1 6.51 94.38
No. 3 34 ng mL−1 37.12 ± 1.74 ng mL−1 4.68 109.17
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